Introduction
Plasma arcs have been used in welding, cutting, and heating metals such as tundish plasma heating in steelmaking. [1] [2] [3] However, an arc is not a convenient tool for heating over a wide area because of the concentrated heat flux in a small arc root. Considering the electromagnetic nature of the arc, various attempts have been undertaken to expand the heat flux by applying a DC magnetic field 4) or an AC magnetic field. 5, 6) The oscillatory arc motion under the AC magnetic field was investigated experimentally 6, 7) and theoretically. 8, 9) A schematic illustration to expand the plasma arc using an external AC magnetic field is shown in Fig. 1 . Electromagnetic interaction between an arc current and an imposed magnetic field induces the oscillatory motion of the arc. The oscillatory arc might be regarded as a broad heat source with the width of the oscillating amplitude, as shown in Fig. 2 , if the frequency of the applied AC magnetic field is large. The amplitude can be varied by changing the field current supplied to the coil.
In some applications, the operation of parallel arcs is required. The arcs are known to attract each other in the parallel operation because of the electromagnetic interaction among arcs. Results show that the oscillatory motion is disturbed as shown in Fig. 3 . 6) This study is intended to estimate the interactive forces among arcs and to develop a means to reduce attractive forces acting on the arcs during parallel operation of multi- Interactive forces among magnetically driven arcs were considered theoretically. It was assumed that several plasma torches were arranged in parallel under an alternating external magnetic field, which drove the arcs to produce an oscillatory motion of their anode roots. The electromagnetic interaction among arcs causes their mutual attraction, thereby disturbing their oscillatory motions.
Characterization and Reduction of Interactive Forces Among Magnetically Driven Arcs
A new method to reduce such disturbance was proposed by arranging additional current paths. Their optimum position and currents to be supplied were calculated for cancellation of attractive interactions among arcs.
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Interactive Forces among Arcs
Interaction among arcs is considered in a parallel operation, as shown in Fig. 4 : N plasma torches are arrayed at a spatial interval of R 0 . Each torch is assumed to be operated in a DC transferred arc mode with an electric current of I p . Plasma arcs are numbered as jϭ1, 2, 3, …, i, …, N in order from left to right. Each arc produces a magnetic field in a space surrounding the arc. The total magnetic field induced by such arcs is calculated as the sum of each field. Such an induced magnetic field is designated herein as an 'interactive field'. Interaction of an arc current and an interactive field produces the electromagnetic force that engenders the deformation of each arc.
Because of the symmetric arrangement, the magnetic flux density of the interactive field at a position of the i-th arc is written as ............ (1) Here, m 0 denotes permeability. In the derivation of Eq. (1), each arc is assumed infinitely long and its deformation is not incorporated. Interactive magnetic flux densities acting on arcs are calculated for Nϭ5 at I p ϭ100 A and R 0 ϭ0.07 m, as shown in Fig. 5 , which illustrates that the more outward the arcs are located, the more strongly they are attracted inward.
Reduction of Interactive Forces
One way to reduce the interactive forces is proposed as shown in Fig. 6 , where additional current paths are arranged on both sides of the plasma torch array.
In such an arrangement, the interactive magnetic flux density at the i-th arc is rewritten as active forces acting on the five arcs disappear completely: B 1 ϭB 2 ϭB 3 ϭB 4 ϭB 5 ϭ0. For NՅ5, we can determine the optimum combination of I c /I p and R/R 0 to cancel all interactive forces. However, for N>5, it is impossible to eliminate all the interactive forces using additional current. For Nϭ6 and 8, the relations of B i ϭ0 are presented respectively in Figs. 8 and 9 . Figures 8 and 9 show that curves do not intersect at one point. Here, we propose the cross point of curve 1 and curve 2 as the optimum point to reduce the interactive forces for N>5 because interactive forces of outer arcs are greater than that of the inner arcs. In Fig. 10 , an example is shown of the reduction of interactive magnetic flux densities for Nϭ8. Without any additional current, the large interactive magnetic flux densities appear as shown in Fig. 10(a) . However, by adjusting the additional current and its position at the optimum point, interactive magnetic flux densities might almost disappear, as shown in Fig. 10(b) . Numerical calculations were carried out for I p ϭ100 A, R 0 ϭ0.07 m, I c /I p ϭ8.02 and R/R 0 ϭ2.32.
Discussion
In practical applications, it might often be difficult to adjust the additional current and its location to the optimum values exactly because of the inaccuracy of the current supply or spatial limitations. This section presents discussion of the allowable discrepancies of the additional current or its location from the optimum condition.
The relation between the displacement of the arc root (Y) and applied magnetic flux density (B) is expressed as the following approximation 6 where a is a proportional constant. The arc current is known to be insensitive to displacement of the arc root. Here, B ex is introduced as the characteristic magnetic flux density, at which Y equals half the distance of the torch interval (ϭR 0 /2). The arcs oscillate as shown in Fig. 11(a) under no interactive fields when an alternating magnetic field such as BϭB ex sin(wt) is applied to the arcs. The oscillation pattern shall be deformed as shown in Fig. 11(b) if interactive fields exist. The ratio of (B i /B ex ) should be an index to estimate deformation of the arc oscillation in parallel operation with multiple arcs. In practical estimation, B ex should be determined experimentally because it depends strongly on the torch design and operating conditions. For simplicity, our discussion will be restricted to the case of five torches' operation (Nϭ5) at I p ϭ100 A, and R 0 ϭ0.07 m. According to the experimental results obtained in a previous study, 9) we use the value of B ex ϭ3.0 mT. As described in the preceding section, it is known that the interactive flux densities disappear completely at Rϭ2R 0 and I c ϭ6.25 I p . For improper additional current I p and improper location of additional current path R, the interactive fields Therein, the optimum location of the additional current path is represented as R*. Figure 12 shows the variations of (B i /B ex ) with x for iϭ1 and iϭ2 at I p ϭ100 A and I c ϭ625 A, and R 0 ϭ0.07 m and R*ϭ0.14 m. From the figure, it is apparent that the allowable discrepancy of the first arc in position x is probably not greater than 0.24 and not less than Ϫ0.16 if the deformation index should be between Ϫ0.05 and 0.05.
For a certain value of the deformation index, allowable x varies with I p . Figure 13 illustrates the variation of allowable x with I p for B 1 /B ex ϭϮ0.05. The increase of I p decreases the allowable x. During high arc current operation, precise adjustment of the additional current paths is required.
Then the influence of improper additional current is considered under the condition of proper location of additional paths. As the parameter of discrepancy in the additional current, y is defined in the following equation: Here, the optimum additional current is represented by I*. The variations of B i /B ex with y for iϭ1 and iϭ2 at I p ϭ100 A and I c ϭ625 A, and R 0 ϭ0.07 m and R*ϭ0.14 m are shown in Fig. 14 .
The allowable discrepancy in the additional current y should be not greater than 0.26 and not less than Ϫ0.26 if the deformation index is between Ϫ0.05 and 0.05. For a certain value of the deformation index, allowable y varies with I p . Figure 15 illustrates the variation of allowable y with I p for B 1 /B ex ϭϮ0.05. Increase of I p decreases the allowable y. In high arc current operation, precise adjustment of the additional current paths shall be also required. 
Conclusions
Theoretical calculations were carried out to estimate interactions among several magnetically driven arcs and to develop a way to reduce the attractive forces acting on the arcs. Conclusions are summarized as follows.
(1) The more outward the arcs are located, the more strongly they are attracted inward.
(2) The attractive forces among arcs can be reduced by additional currents flowing on both sides of the arc array.
(3) For NՅ5, interactive forces can disappear completely through adjustment of additional currents and their location.
(4) An optimum combination of I c /I p and R/R 0 shall be a cross point of curve 1 and curve 2 in any number of arcs.
(5) Discrepancies of x and y from 0 deform the oscillation pattern. Allowable discrepancies to the first arc are Ϫ0.26<y<0.26 and Ϫ0.16<x<0.24 for additional currents and their location, respectively, for Ϫ0.05<B 1 /B ex <0.05. Similarly, in the case of more than six arcs, the allowable discrepancy of the additional current and its location to set a deformation index between Ϫ0.05 and 0.05 can be determined.
(6) The allowable discrepancy of the additional current and its location are smaller with increased arc current.
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